Bromegrass species are important forage crops in temperate regions of world. This study compared responses of three bromegrass species to defoliation in the greenhouse and field to determine if the former could predict responses in the latter. Experiments were conducted in 2006 and 2007 in Saskatoon (52 • 07 N, 106
Introduction
Smooth bromegrass and meadow bromegrass are perennial, cool-season grasses widely cultivated for pasture and hay in temperate regions of world. Meadow bromegrass is well adapted to grazing due to its rapid regrowth after defoliation [1] , while smooth bromegrass is intolerant to frequent defoliation and generally used for hay [2] . The hybrid bromegrass cultivar "Knowles" was recently developed by hybridizing smooth and meadow bromegrass and has potential for both hay and pasture use [3] . A number of studies have been conducted in the field to understand morphological and physiological characteristics of the three bromegrass species in response to defoliation [1, [4] [5] [6] [7] ; however, little information is available on how these three species respond to defoliation under different growth environments.
In cool-season grasses, the optimum temperature for growth varies among species [8] . Leaf appearance and elongation rate are often reduced by low temperature and moisture level [9, 10] . High temperature inhibits tillering because of high respiration rates and lower soluble carbohydrate concentrations in the plant [8] . The ability of grasses to produce tillers is sensitive to changes in light intensity and quality. Tiller density increases with increasing light intensity [11] and high red: far-red ratio [12] . Resource competition also affects grass growth, and tiller development is stimulated by high nutrient concentration [13] . In addition to environmental factors, time of utilization for forage also causes differences in grass regrowth due to difference in available meristems among growth stages [14] . Generally, regrowth occurs faster from elongation of existing vegetative tillers than growth of axillary buds [14, 15] . The early spring grazing of bromegrasses occurs at the vegetative growth stage, while hay harvesting occurs after stem elongation [1] . The objective of this study was to compare the growth of three bromegrass species in field and greenhouse environments following defoliation at the vegetative or stem elongation stage to determine whether field response could be predicted by studies in controlled environments. [17] . An undefoliated control was also included in all plots. Rainfall during the experiments was 225 mm in 2006 and 147.5 mm in 2007. The 30-year long-term average rainfall from AprilJuly at this site is 174 mm. Cumulative growing degree days (GDDs) during the study were calculated using equation GDD = (daily maximum temperature + daily minimum temperature)/2 [18] (Table 1 ). The base temperature of 5
• C was used in the equation.
Field Data Collection.
The number of tillers was recorded in two 15 × 20 cm fixed quadrats which were randomly placed over rows in each plot before defoliation. In each year, tiller numbers were counted and regrowth harvested in these fixed quadrats after a similar number of GDD had accumulated following each defoliation (Table 1) . Harvested above-ground biomass was dried at 60
• C for 48 h and weighed. The areas harvested for above-ground biomass were trimmed to ground level before soil cores were taken to estimate below-ground biomass. Soil cores were 8 cm in diameter and 20 cm deep. Soil cores were washed with water under high pressure. Washed samples were dried in the oven at 80
• C for 48 h and weighed. 
Greenhouse Data Collection.
The number of initial tillers was counted in each pot before the experiment began. Final tiller number and regrowth biomass were determined in each pot after a similar number of GDD (1260) had accumulated following each defoliation. Harvested above-ground biomass was dried at 60
• C for 48 h and weighed. Below-ground biomass was also determined for all samples at the end of experiment using the same procedure as for the field study.
Statistical Analysis.
Above-and below-ground biomass and tiller densities were compared within each defoliation treatment by performing Proc Mixed as a one-way analysis of variance (ANOVA) using SAS 9.1.3 Proc Mixed Model [19] . Species was considered as a fixed effect, while year and block were considered random effects in the model. When ANOVA indicated significant differences (P ≤ .05), means were separated using the least square means comparison. Initial tiller density had an interaction effect with final tiller density in the greenhouse study, but not in the field study. Analysis of Covariance was conducted to eliminate the effects of initial tiller differences among species in the greenhouse study.
Results and Discussion

Above-Ground Biomass.
The three bromegrass species produced relatively greater regrowth biomass in the greenhouse than in field (Table 2) . However, the ranking of species in above-ground biomass was not the same in field and greenhouse experiments. In undefoliated growth, hybrid bromegrass produced greater above-ground biomass than meadow and smooth bromegrass in the field study, but meadow bromegrass produced greater above-ground biomass than hybrid bromegrass in the greenhouse (Table 2) . Above-ground biomass was not different between meadow and smooth bromegrass in both environments. When defoliated at the vegetative stage, there was again no consistency in above-ground biomass rankings of species in field and greenhouse experiments. Regrowth was not different among the three species in the field, but meadow bromegrass produced greater regrowth than smooth bromegrass in the greenhouse (Table 2) . When defoliated at the stem elongation stage, however, meadow bromegrass consistently produced greater regrowth biomass than smooth bromegrass in both field and greenhouse, and more regrowth biomass than hybrid bromegrass in the greenhouse (Table 2 ). Meadow bromegrass is more suitable in moist, cool environment than smooth bromegrass [1] . The greenhouse plants were provided with more consistent soil moisture than those in the field, and regrowth of meadow bromegrass may have been favored by this moisture regime, relative to the other bromegrass species. In addition, meadow bromegrass has a greater number of unelongated tillers than smooth bromegrass when defoliated after stem elongation [1] . Differences in the number of unelongated tillers after the stem elongation stage may be related to the greater regrowth of meadow bromegrass under both environments, because elongated tillers die after defoliation, and regrowth comes from unelongated tillers or axillary buds [20] .
Below-Ground Biomass.
In the field study, meadow bromegrass consistently produced greater below-ground biomass than smooth bromegrass in all treatments (Table 3) . Below-ground biomass of meadow bromegrass was similar to hybrid bromegrass in the undefoliated and vegetative stage defoliation treatments but was greater than hybrid bromegrass after defoliation at the stem elongation stage. Below-ground biomass of hybrid bromegrass was greater than smooth bromegrass following defoliation at stem elongation but was similar in the other two treatments. In another field study [21] , meadow bromegrass produced greater root dry matter than smooth bromegrass under low intensity grazing. In contrast to the field environment, below-ground biomass in the greenhouse was not different among the three species for any treatment (Table 3) . In grass species, each tiller produces its own roots, and similar tiller density of these three species in the greenhouse (Table 4) may have resulted in similar below-ground biomass. Smooth bromegrass produces rapidly spreading rhizomes whereas meadow bromegrass and hybrid bromegrass have a more caespitose growth form with short rhizomes [1] . Rhizome spread of smooth bromegrass was limited by pot walls in the greenhouse, but there were no such restrictions in the field. This may result in more below-ground biomass for smooth bromegrass in a given area in the greenhouse and thus was similar to the other two species. In general, the restriction of pot walls in greenhouse may also have increased belowground biomass of all three species compared to the field (Table 3) .
Tiller Density.
For all three species, there was a general trend of greater number of tillers in the greenhouse than in field (Table 4 ). For the field study, tiller density was the greatest for meadow bromegrass, intermediate for hybrid bromegrass, and least for smooth bromegrass in all treatments (Table 4) . However, the final tiller density in the greenhouse was not significantly different among the three species within any treatment. Tiller development in grasses is strongly influenced by environmental conditions. In coolseason grasses, the optimum temperature for tillering is relatively low and varies among species [8] . The temperature was set to 21/16 • C (day/night) in the greenhouse, while the temperature in the field fluctuated from −3.3 to 36.5
• C during the studies. Light intensity and quality have a major influence on tillering [8, 11, 12] , and self-shading within a dense canopy at the tiller base is associated with a decrease in tillering [22] . Light intensity in the greenhouse was 440 ± 150 Φmol s −1 m −2 , which was lower than the light intensity of 1500 Φmol s −1 m −2 or higher on a sunny day in a field environment in Saskatoon, Canada [Biligetu, unpublished data]. Relatively higher initial tiller numbers for meadow bromegrass are likely to cause shading under the low light conditions in the greenhouse, which may have restricted tillering of this species. In addition, grass tillering is associated with nutrient availability [13] , and lateral buds can only elongate into tillers while the nutrient supply exceeds the requirement of existing tillers [23] . There may have been lower nutrient availability in the greenhouse due to the limitation of root proliferation in the pots [24] .
Conclusions
The response of three bromegrass species to defoliation differed under field and greenhouse environments. Even though a greenhouse environment provides an opportunity 4 International Journal of Agronomy to study responses of bromegrasses to defoliation under controlled environmental conditions, it was not predictive of responses to defoliation in the field. This may be due to low light intensities in the greenhouse and restrictions in lateral growth imposed by the walls of the greenhouse pots. The latter would likely have a greater effect on grass species that produce long rhizomes.
